ABSTRACT Space is vast. Over the next few decades, humanity will strive to send probes farther and farther into space to establish long baselines for interferometry, to visit the Kuiper Belt, to ident@ the heliopause, or to map the Oort cloud. In order to solve many of the mysteries of the universe or to explore the solar system and beyond, one single technology must be developed --high performance propulsion. In essence, firture missions to deef space will require specific impulses between 50,000 and 200,000 seconds and energy densities greater than lOi j/kg in order to accomplish the mission within the career lifetime of an individual, 40 years, Only two technologies available to mankind offer such performance --fusion and antimatter. Currently envisioned fusion systems are too massive. Alternatively, because of the high energy density, antimatter powered systems may be relatively compact. The single key technology that is required to enable the revolutionary concept of antimatter propulsion is safe, reliable, high-density storage. Under a grant tirn the NASA Institute of Advanced Concepts, we have identified two potential mechanisms that may enable high capacity antimatter storage systems to be built. We will describe planned experiments to verify the concepts. Development of a system capable of storing megajoules per gram will allow highly instrumented platiorms to make fast missions to great distances. Such a development will open the universe to humanity.
INTRODUCTION
Perhaps for the first time in history, humanity's exploration of the physical fiontier is limited by our state of technology. Throughout history, human exploration has utilized whatever was available to push the fi-ontiers of habitation Over the past 30 years, human exploration of space has for all practical purposes stopped at the edge of space --low earth orbit. Consequently, humanity has continued the exploration of space using unmanned, instrumented platforms. These small craft have performed remarkably well and provided a rich storehouse of discoveries and scientific data to the world. Looking at the entire wealth of this data, however, one conclusion seems clear --every time we send out a new probe into unknown territory, we discover far difi%rent conditions than we expected to find. In addition, detailed telescopic observations now indicate that the interstellar neighborhood around our solar system is ti from empty and is, in fact, a complex time-varying region awash with dust storms, intense radiation, complex molecules, and primordial lumps of matter of all sizes. Consequently, the importance of accurately exploring the region of space outside the solar system has greatly increased in priority.
Studying the heliopause where the interstellar wind meets the solar wind, the Kuiper belt where many comets are born, and even the Oort cloud where the residue of the original solar system still resides, has become important to understanding the dynamics of our solar system --even to understanding the fate of our race. The possibility exists that large-scale future events, such as an increase in local interstellar gas density caused by an approaching dust cloud, may impact human existence. The change in gas density may alter galactic cosmic radiation levels reaching the Earth or cause perturbations in the cometary clouds that might eventually lead to fragments diving down into the solar system, i.e. toward Earth. Such possibilities necessitate an active exploration of deep space to understand just what is out there. Unfortunately, we do not as yet have the ability to mount such an exploration.
To answer many ofthe major questions in astrophysics, instrumented probes will have to be sent deeper into space, carry more instruments, and make faster trips--in essence they must achieve much higher velocities than currently deliverable with today's technology. Missions to the Kuiper Belt, the heliopause, or the Oort cloud will require a revolutionary advance in propulsion to achieve their goals within reasonable time fkmes. In essence, f%ure missions to deep space will require specific impulses between 50,000 and 200,000 seconds and specific masses of. 1 to 1 kg/kw to be considered. Antimatter has the highest specific energy of any source known to man. At nearly 10" J/kg, it is three orders of magnitude larger than nuclear fission and fusion and ten orders of magnitude larger than chemical reactions. Currently, antiprotons are produced and stored in small quantities (108) in Penning Traps. Penning Traps are a mature technology but are limited in the particle density, thus the energy density, which they can contain. Antimatter must be stored in much higher densities to be applicable for missions into the outer realms of our solar system.
We intend to investigate two concepts to increase the storage capacity of antimatter beyond that of Penning Traps. The first method entails the use of a electromagnetic trap that is coated with either solid hydrogen or solid ammonia to reduce annihilation at the walls ofthe trap. The other concept relies on storage of antihydrogen. Similarly, if the concept of quantum reflection proves viable for antimatter, a coating of liquid helium may reduce the annihilation rate of the antihydrogen on the walls of the trap. Both of these concepts can be demonstrated with simple experiments.
MISSION REQUIREMENTS
In order to reach destinations of a few hundred astronomical units (AU) in a few decades, velocities of 100s to 1000s of km/s must be achieved. The kinetic energy of every kilogram of mass that acquires that velocity at the end of the propulsion phase will be significant. Table I shows some the missions currently being discussed by NASA as part of the planning of future space science programs. The Table also depicts the "characteristic" velocity that must be given to the platform to achieve the mission. This velocity may be equivalent to the average velocity for a mission in which the propulsion phase is the entire mission. The kinetic energy of each kilogram ofmass is then shown. In order to produce these levels of kinetic energy, the potential-energy density ofthe entire ship will have to be grater than these levels at the beginning of the mission. Therefore, the energy density of the "fuel" will have to be substantially greater than these levels to account for the payload, structural, and engine masses. Energy densities of known sources are shown in Table II .
In addition, current estimates of specific mass and specific impulse for representative systems utilizing these sources are also shown. Comparing Table II and Table I , nuclear electric systems might be able to accomplish the 250 AU mission but not much further. The only systems that use on-board energy sources that can go into deep space are fusion or antimatter. Typically, fusion systems are envisioned to be large, massive and complicated. Thus, the overall specific energy will be below the levels necessary for interstellar precursor missions. Alternatively, antimatter is considered to be expensive and difficult to produce. A recent investigation [Schmidt, 19991 at the NASA Marshall Space Flight Center (MSFC) indicates that sufficient levels of production could be present within the next few decades. The issues of production and conversion into thrust are also currently being pursued by Synergistic Technologies under SBIR and STTR grants. At this point, the other major issue that is required to make future deep space missions possible is the need for high-density storage if the required specific energy levels are to be achieved.
ANTIPROTON STORAGE --STATUS
Currently, antiprotons are produced at several high energy accelerator facilities around the world. One such facility in Europe, CERN, captures and decelerates the antiprotons down to energies where they can be injected into long term storage devices called Penning Traps [Holzscheiter, 19961. Over the past tens years or so, great success has been achieved in collecting and holding antiprotons in Penning Traps. This technology now appears to be capable of storing antiprotons in densities up to 10" per cm3. With funding from the Jet Propulsion Laboratory, Dr. G. A.
Smith and colleagues at Pennsylvania State University have built a portable Penning Trap that can contain 10' antiprotons. The l/e storage time for the trap is about one week. A second generation trap [Smith, 19981 , the High Performance Antimatter Trap (HiPAT), is under development at the NASA MSFC that has a design goal of holding 1Ol2 antiprotons with a l/e time of a few weeks (Figure 1 ). By using these traps as a source of low energy antiprotons, we intend to experimentally investigate other concepts that may store antimatter at densities 1000 times higher. We foresee in the next ten years great progress toward the confinement of antiprotons at much higher densities. This goal will be reached by a carefully planned and executed series of experiments.
FIGURE 1. Design of a high capacity antimatter trap (courtesy of NASA MSFC [Smith, 19981. HIGH CAPACITY STORAGE OF ANTIPROTONS
The limiting factor in a non-neutral plasma such as that held in a Penning Trap is the Brillouin Limit. This is the density (about 100 billion antiprotons/cc for a 5T magnetic field) at which the stored space charge forces overcome the confining magnetic forces. Any truly significant steps beyond this limit would have to come &om other physical phenomena. However, if a mechanism can be found that would reduce the losses of antiprotons as they hit the walls ofthe containers, then the capacity oftraps could be increased substantially even though the Brillouin Limit is not exceeded.
Parelectricity
Recent publications predict the possibility of a phenomenon called Parelectricity [Chaio, 19941. Parelectricity predicts that illumination of a layer of solid ammonia by 9.56 micron microwaves will create a population inversion in the material. One result of this inversion is that an image charge will be induced by an approaching charged particle that is ofthe same sign. Thus, the approaching particle will be repelled by the image charge. A thin layer of ammonia on the surfaces of the trap may reflect any approaching charged particle with near unity probability. Therefore, the original idea of making the walls of the trap reflective is still valid -just the methodology has changed.
It appears rather straightforward to experimentally check the validity of these considerations. Cool antiprotons could be injected from the MSFC HiPAT presently under construction, or the Penn State/JPL Mark I trap, into a container which is laser cooled to a temperature below 0.77 K for the hydrogen reflection concept. Similarly, the cavity can be illuminated with a microwave source to confirm Parelectricity. Measurements of reflection coefficients on the walls, and overall lifetimes of antiprotons, could be done fairly simply once the containment vessel is built, "iced", and magnetically or laser excited.
Antihydrogen
We have examined another very promising advanced technology, i.e. synthesis and storage of atomic antihydrogen in Ioffepritchard traps, which is capable of achieving very high density storage ( 1014-10 /cc). This technology is currently being developed at the Antiproton Decelerator facility at CERN, in Geneva., Switzerland, by the ATHENA experiment [ATHENA, 19981, ofwhich one ofus (G.A. Smith) is a collaborating member.
The major advantage of this technique is that one is working with electrically neutral atoms, so all space charge problems are eliminated. Furthermore, the magnetic properties of the atoms make them controllable under the influence of external electromagnetic fields. In the ATHENA trap antiprotons and positrons (antielectrons) are made to cohabitate a common volume using nested double-well potential barriers.
The ATHENA experiment at CERN will attempt to synthesize atomic antihydrogen next year. Very dilute mixtures of antiprotons and positrons (10' each) will be synthesized into antihydrogen atoms at 4K and below by spontaneous radiative recombination at densities of roughly lO'/cc. Since the rate for spontaneous radiative recombination scales as 1/Ts5, every attempt will be made to achieve sub-K temperatures in this experiment. Nonetheless, at about lK, the expected recombination rate is 9,000 per second. The atoms are to be confined in an Ioffe-Pritchard trap which in the case of hydrogen has confinement densities approaching 1 microgram/cc for minutes.
Once formed, the antiatoms are confined in an IoffiPritchard trap, a technology which has been used successfully for many years to confine hydrogen atoms at high densities for fundamental physics measurements. A gradient magnetic field is provided by current-carrying quadrupole coils. A force due to the gradient magnetic field is imposed on the magnetic moment ofthe atom.
Since the moment results fi-om the corn .bined spins of the constituents, and these in turn follow the rules of quantum mechanics, there are four hyperfine spin states possible. The low field seeking state, with the positron and antiproton spins parallel and pointi ng up, feels an attractive force into the center of the trap, and is positron and antiproton spins antiparal lel (high field seeking) is expelled Tom the trap.
confined. The state with the By spontaneous radiative recombination, the particles bind to form an antihydrogen atom, which has all the properties of the hydrogen atom apart from the opposite charges of the constituents. The recombination rate is estimated by ATHENA at 9,000 per second at a temperature of 1 K. Since the recombination rate scales as (l/T).' the rate could be increased one thousand-fold by laser cooling the atoms, for example, to a temperature of 10m6 K. At this rate, one could form 1014 antiatoms in about 10' seconds, or 4 months.
As with all electromagnetically-confined systems, ultimately regions of instability are found. In the case of the Ioff@ Pritchard traps, when confined atomic densities increase, interatomic scattering becomes important, resulting in electron (positron) spin flips, taking the atom from a low field seeking state to a high field seeking state. The newly created high field seeker then jumps out of the trap, lost forever. At densities approaching lo1 /cc, lifetimes have been reduced to minutes, which is obviously unacceptable for long-term space propulsion applications.
Quantum Reflection
Substantial work has been performed in the past few years on creating ultra cold neutral atoms. Laser cooling of cesium atoms has been achieved down to temperatures well below a meV. The DeBroglie wavelengths at these temperatures is hundreds of angstroms. Thus, the neutral atom interaction with the surface atoms in a wall will be a complex many body interaction.
This interaction was first examined in 1936 bennard-Jones,l936]. They predicted at the time the possibility of "quantum reflection." Quantum reflection predicts that in the limit as the energy of a particle approaching the wall of a container gets near zero, the probability of "sticking" to the wall approaches zero. Classically, the sticking probability, S, is predicted to approach unity but quantum mechanics predicts just the opposite solution, i.e that S is proportional to the square root of the particle's energy. Measurements [Yu,1993] have been made for atomic hydrogen at millikelvin temperatures that support the quantum reflection theory [Carraro, 19981 . Whether ultracold antihydrogen atoms will reflect from a wall is an open question but could dramatically decrease loss rates in a trap. In addition, we have pursued the idea of creating a two-dimensional Bose-Einstein Condensate [Fried,1998; Safanov,1998 ] on the surface of a liquid helium layer to enhance the quantum reflection mechanism. Whether quantum reflection will occur for an antihydrogen atom is not clear.
PROPOSED EXPERIMENTS
Synergistic Technologies has completed the design of a solid-state degrader system that will accept a high energy antiproton beam and output a low-energy beam. Computational simulation of a variety of configurations of the device over a range of incident energies shows that production efficiencies as high as 10m5 can be expected. Current accelerator technology could produce a low energy beam with near 100% efficiency but would require $lOM and five years to build. The degrader system will allow a source of trappable antiprotons to be available within two years.
The objectives of our current Phase II SBIR are to construct the degrader system matched to the beam conditions existing at the Fermi National Accelerator Laboratory and to confirm and verify gerformatlce and operations. Based on the operational conditions at FNAL, we expect to provide around 1.7x1 0 antiprotons per hour for research directly or for injection into portable Penning Traps for off-site research. By the end of the project, we intend to provide a potentially commercial source of low energy antiprotons in portable traps to the research community.
Using the degrader system and the HiPAT from NASA MSFC, we propose to perform proofofancept experiments of the Parelectricity and Quantum Reflection concepts. The HiPAT will be used to produce a low temperature source of antiprotons or antihydrogen atoms. The particles will be transferred into a test cavity which has a thin layer of either solid ammonia or liquid helium covering the walls. Lifetimes and annihilation location will easily reveal if the particles are being reflected or are annihilating with the wall material.
SUMMARY
We have identified two mechanisms that may enable high capacity storage of antimatter. The first indicates that if antiprotons are kept in a container lined with frozen ammonia that is excited with an imposed microwave field, the particles may be repelled by induced parelectric repulsion. Similarly, using a concept theorized decades ago, the possibility of quantum reflection may reduce the probability of annihilation of antihydrogen atoms on the surface of any container.
In both approaches, we have adopted a slightly altered strategy. Originally, our goal has been to find methods to increase the particle density in order to increase storage. This was the motivation in examining the storage of antihydrogen. However, the idea of developing a reflecting wall also has tremendous potential. By removing the possibility of loss of the antiparticles by wall collisions, we may be able to make the entire volume of the traps into active storage region. This allows a tremendous increase in storage capacity of the Penning Trap even though the particle density has not changed over current levels. Both of these concepts could enable systems with ultra-high energy density to be developed. Proof of concept experiments have been designed and may be completed within the next few years.
